Abstract. We investigate nonlinear charge transport through quantum dots embedded in a double barrier resonant tunneling structure. Depending upon the parameters of the circuit in which the device is operated, our model predicts various current instabilities: switching between a low current and a high current state, or self-generated current and voltage oscillations exhibiting both a Hopf bifurcation and a global homoclinic bifurcation.
Due to improvements in semiconductor growth technologies, the fabrication and industrial application of quantum dot (QD) structures have become more and more important. Related to this, also the current transport through devices consisting of layers with QDs has attracted considerable interest. As the size of a single QD is of the order of 10 nm, the Coulomb charging energy U is much larger than the typical energy scale of the system, and single electron or hole tunneling effects become visible in the current (I)-voltage (V) characteristics. In particular single peaks at low bias in the I(V) characteristic have been found. These peaks have been shown to result from Coulomb blocking effects leading to strong negative differential conductance [1] .
In this work we investigate the current transport through QDs embedded in a double barrier structure that is operated in an external circuit with a dc bias voltage V 0 and a series resistance R and a parallel capacitance C (right inset in Fig.1 ). We show that the performance of such nonlinear devices crucially depend on the chosen external circuit parameters, so that they can be used either as switches or as self-sustained current oscillators.
To analyze the dynamics of the QD system, a Master equation approach for sequential tunneling through two parallel, electrostatically coupled QDs (see left inset in Fig. 1 ) is used [1] :
where the four-dimensional vector P is composed of the occupation probabilities P ν for the Fock states ν = (n 1 , n 2 ) (n i ∈ {0, 1}) of the QDs i = 1, 2 and the 4×4-matrix M consists of the transition rates for tunneling into or out of the QD system which contain the occupation of the contacts and the tunneling rates depend upon the voltage drop V across the QD structure. The dynamic degree of freedom of V due to Kirchhoff's circuit equation (2) is also taken into account. Here I is the average current. We perform a linear stability analysis of the fixed points of this five-dimensional system (1), (2) . Interesting effects are found if the nullclines of the external circuit and of the QD system, i.e. the load line and the QD I(V) characteristic, intersect such that three operating points (fixed points, labeled 1,2,3 in Fig.1 ) exist.
For the case of a positive capacitance C we can show that oscillatory instabilities caused by a Hopf bifurcation cannot occur. Nevertheless there is a saddle-point (2) on the negative conductivity branch that separates the basins of attraction for the two stable nodes on the high (1) and low current (3) branch, respectively. Thus, the resonant tunneling QD structure could be used as a fast switching device, where switching is achieved by either varying the external voltage V 0 or the series resistance R. For negative capacitance, which can easily be realized by an active circuit consisting of operation amplifiers [2, 3] , a Hopf bifurcation leading to uniform limit cycle oscillations can be found. The eigenvalues λ of the system for C = −1.6 × 10 −16 F are shown in Fig. 2 . The operating points 1 and 3 are always unstable (Reλ > 0), while the fixed point 2 exhibits a Hopf bifurcation where the pair of complex conjugate eigenvalues EV3 and EV4 crosses from Reλ < 0 to Reλ > 0. With increasing |C| the oscillation amplitude of the limit cycle increases while its shape transforms from an elliptic to a strongly nonlinear relaxation-type shape. Fig. 3 shows transients obtained from eqs. certain value of C the limit cycle collides with the saddlepoint 3 on the low current branch and disappears. This represents a global homoclinic bifurcation (or blue-sky catastrophe), where the oscillation abruptly ceases with a finite amplitude, while the frequency tends to zero. The frequency of the limit cycle oscillations is shown in Fig. 4 . Beyond this global bifurcation the system is unstable and has no stable fixed point.
Comparing the performance of this resonant tunneling device with a conventional double barrier resonant tunneling diode (DBRT) using a quantum well [4] , some similarities but also essential differences are found. The most important difference is the shape of the I(V) characteristic which is Z-shaped for the DBRT but N-shaped for the QD device. Thus for voltage-clamp the QD device does not exhibit bistability. Further, in the DBRT the oscillatory regime is terminated by an inverse Hopf bifurcation which ensures the existence of at least one stable fixed point, whereas in the QD device complex bifurcation scenarios including global bifurcations occur, and there are parameter sets for which no stable fixed points exist.
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